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ransition from symmetry to asymmetry is a central theme in cell and developmental biology. In Xenopus embryos,
orsal–ventral asymmetry is initiated by a microtubule-dependent cytoplasmic rotation during the first cell cycle after
ertilization. Here we show that the cytoplasmic rotation initiates differential cytoplasmic polyadenylation of maternal
wnt-11 RNA, encoding a member of the Wnt family of cell–cell signaling factors. Translational regulation of Xwnt-11
RNA along the dorsal–ventral axis results in asymmetric accumulation of Xwnt-11 protein. These results demonstrate
patially regulated translation of a maternal cell-signaling factor along the vertebrate dorsal–ventral axis and represent a
ovel mechanism for Wnt gene regulation. Spatial regulation of maternal RNA translation, which has been established in
nvertebrates, appears to be an evolutionarily conserved mechanism in the generation of intracellular asymmetry and the
onsequential formation of the multicellular body pattern. © 1999 Academic Press
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Before fertilization, the egg of the frog Xenopus laevis is
ymmetrical, with an animal pole and vegetal pole, but
ithout dorsal–ventral, anterioposterior, or left–right em-
ryonic axes. The primary event in body axis formation in
enopus is a cytoplasmic rotation during the first cell cycle
fter fertilization, which initiates the conversion of the
ymmetric egg into a complex three-dimensional embryo
reviewed in Harland and Gerhart, 1997; Yost, 1995). The
otation of the cytoplasm of the egg with respect to the cell
ortex leads to the establishment of a specialized group of
ells in the prospective dorsal region of the blastula. Cells
n the dorsal side are functionally distinct from ventral
egetal cells with respect to their inductive properties
efore the initiation of zygotic transcription at the midblas-
ula transition (Gimlich and Gerhart, 1984; Holowacz and
1 To whom correspondence should be addressed at the Hunts-
man Cancer Institute, University of Utah, 2000 Circle of Hope,
Room 452, Salt Lake City, UT 84112-5550. Fax: (801) 585-9099.mE-mail: joseph.yost@hci.utah.edu.
288linson, 1993; Jones and Woodland, 1987), indicating that
he primary establishment of the body axes is initiated by
roducts synthesized and stored during oogenesis, known
s “maternal” factors. Dorsal cells give rise to the organizer
egion, which is the site of transcription of a large variety of
ygotically encoded axis determinants as well as the site of
he cell movements and migrations that drive gastrulation
nd subsequent vertebrate embryo axis formation (reviewed
n Harland and Gerhart, 1997).
The maternally derived dorsal–ventral determinants that
re activated by cytoplasmic rotation in the first cell cycle
ave long been sought, but their molecular identities are
nknown. Screens for differentially localized maternal
NAs led to the identification of mitochondrial organelles
n the animal hemisphere that are asymmetrically distrib-
ted along the dorsal–ventral axis during the first cell cycle
y the cytoplasmic rotation, but it is unlikely that they are
rimarily involved in axis formation (Yost et al., 1995). A
ong history of cell transplantation and cytoplasm transfer
xperiments indicates that dorsal–ventral determinants are
ost likely stored in the vegetal region of the oocyte and
oved or activated by the cytoplasmic rotation. Injections
0012-1606/99 $30.00
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289Spatial Posttranscriptional Regulation of Wnt-11of exogenously synthesized mRNAs have been successful
in identifying candidate genes, but have also identified a
variety of factors that are not present in the early embryo
that are able to mimic later functions of the organizer.
However, recent results from RNA injection experiments,
depletion of maternal RNAs and proteins, and use of
dominant-interfering proteins have converged on members
of the Wnt signaling pathway, especially b-catenin, glyco-
gen synthase kinase-3 (GSK-3) (reviewed in Gumbiner,
1998; Moon and Kimelman, 1998), and GSK-binding protein
(Yost et al., 1998), as likely key components of dorsal–
ventral determinants. Several lines of evidence indicate
that asymmetric activation/localization of b-catenin, usu-
ally a downstream component of Wnt signaling, is neces-
sary for dorsal–ventral axis formation in response to cyto-
plasmic rotation. However, the involvement of an
asymmetric upstream Wnt signal is not clear and asymmet-
ric distribution of a maternal Wnt RNA or protein has not
been reported.
This study identifies the first known dorsal–ventral
asymmetry of a maternally encoded Wnt in vertebrates.
Xwnt-11 RNA is localized to the vegetal pole during oogen-
esis and is present in the vegetal hemisphere of embryos
before zygotic transcription (Ku and Melton, 1993), so it is
in the region that includes dorsal–ventral determinants, the
site of Spemann organizer formation, and the site of gastru-
lation (Harland and Gerhart, 1997). Here it is shown that
maternal Xwnt-11 RNA is symmetrically distributed but
Xwnt-11 protein is asymmetrically distributed along the
dorsal–ventral axis. This asymmetry occurs by the 64-cell
stage, before the beginning of zygotic transcription. A
molecular mechanism by which the cytoplasmic rotation
in the first cell cycle drives the asymmetric distribution of
maternal Xwnt-11 protein is identified. Spatially regulated
polyadenylation of maternal Xwnt-11 RNA is dependent on
the cytoplasmic rotation, and differential loading of
Xwnt-11 RNA onto polysomes along the dorsal–ventral axis
results in differential accumulation of Xwnt-11 protein
along the dorsal–ventral axis. To our knowledge, this is the
first demonstration of spatially regulated translation of a
maternal factor in vertebrate embryos. These results and
the possible roles of asymmetrically distributed maternal
Xwnt-11 protein are discussed in light of spatially regulated
translation in other metazoans.
MATERIALS AND METHODS
Embryo Manipulations
X. laevis eggs were collected, fertilized, and dejellied as described
Schroeder and Yost, 1996). The midline was accurately determined
y rotating embryos 90° within the first 30 min after fertilization
nd marking the prospective dorsal midline with Nile blue sulfate
Gerhart et al., 1989). For RNA and polysome analyses, embryos
ere cut into 60° sectors centered on the dorsal or ventral midline,
.e., 30° off the midline. This sector size corresponds to the extent
f cells that can induce organizer activity in pregastrula (Stewart
nd Gerhart, 1990). To obtain ventralized embryos, fertilized eggs
Copyright © 1999 by Academic Press. All rightwere dejellied, placed in quartz dishes, and irradiated vegetally
with ultraviolet light at 254 nm for 58–60 s within the first 30 min
postfertilization. Resulting embryos had an average dorsoanterior
index (DAI) (Kao and Elinson, 1988) of 0–1.
RNA and Polysome Analyses
RNA isolation and quantitative RT-PCR analysis was performed
as described (Schroeder and Yost, 1996) with 24 cycles for Xwnt-11
(f, ACAAAATGCAAGTGCCACGG; r, TTGACAGCGTTCCAC-
GATGG) and 20 cycles for D7.1 (Schroeder and Yost, 1996). PAT
analysis was performed as described (Salles et al., 1994) with cDNA
primer (GACTCGAGTCGACATCGATTTTTTTTTTTTTTT),
adapter primer (GACTCGAGTCGACATCG), and Xwnt-11 primer
(TCAAGGAACCCAAGTGATAC). Polysome analysis was per-
formed as described (Schroeder and Yost, 1996). In control prepa-
rations, to assess whether association with pellet was due to
polysome association, RNA was isolated from dorsal and ventral
embryo sections homogenized in polysome buffer containing 33
mM EDTA and omitting cycloheximide (Schroeder and Yost,
1996). Densitometry was performed using NIH Image 1.55.
Protein Analysis
For Western blot analysis, embryos were cut into dorsal and
ventral sectors and cells were lysed in lysis buffer (0.25 M sucrose,
20 mM Hepes (pH 7.2–7.4), 50 mM KCl, 0.5 mM MgCl2, 5 mM
EGTA, 5 mM NaN3) with protease inhibitors. Proteins were
separated by 12% PAGE, transferred to PVDF membrane (Westran),
probed with anti-quail Wnt11 antibody (Eisenberg et al., 1997),
subsequently with anti-Vg1 antibody (Tannahill and Melton,
1989). Anti-Wnt11 primary antibodies were visualized by binding
with fluorescein-conjugated goat anti-rabbit (Organon Tekrika
Corp.) and AP-conjugated anti-fluorescein (Boehringer Mannheim)
and reacting with CDP Star as per the supplier (Tropix). Anti-Vg1
primary antibodies were visualized by binding with biotin-
conjugated goat anti-mouse (Pierce) and streptavidin–HRP (Amer-
sham) and reacting with peroxide and luminol as per the supplier
(Pierce). Densitometry was performed using NIH Image 1.55.
RESULTS
Xwnt-11 RNA Is Differentially Polyadenylated
along the Dorsal–Ventral Axis
Xwnt-11 maternal RNA was found to be equally distrib-
uted in dorsal and ventral cells at the 32- to 64-cell stage by
specific-sequence primed RT-PCR analysis (Fig. 1A),
random-primed RT-PCR, and Northern blot analysis (data
not shown). All three of these techniques detect RNA
regardless of its adenylation state. To assess whether the
equally distributed maternal Xwnt-11 RNA is differentially
adenylated along the dorsal–ventral axis, three distinct and
complementary experimental approaches were utilized.
First, RNAs were assayed by quantitative RT-PCR
primed with oligo(dT)15, which detects only polyadenylated
mRNAs among the pool of total RNAs. Xwnt-11 RNA in
dorsal cells is sevenfold more polyadenylated than Xwnt-11
RNA in ventral cells (Fig. 1B). This is in striking contrast to
D7.1 RNA (Fig. 1) and eight other maternal RNAs shown to
be equally abundant and equally polyadenylated in dorsal
s of reproduction in any form reserved.
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290 Schroeder et al.and ventral cells by quantitative RT-PCR analysis (Schroe-
der and Yost, 1996). Dilution series indicated that the
conditions for both oligo(dT)-primed RT-PCR and gene-
specific hexamer-primed RT-PCR were in the linear detec-
tion range (Fig. 1C). Thus, the dorsal–ventral asymmetry in
the polyadenylation state appears to be unique to Xwnt-11
maternal RNA.
The second approach used to further assess the state of
Xwnt-11 polyadenylation was poly(A) tail (PAT) analysis.
PAT quantitatively measures the distribution of lengths of
poly(A) tails (Salles et al., 1994) within a sample, but
because of the high number of PCR cycles that are utilized,
is only a qualitative comparison between samples for
amounts of RNA present. Reverse transcription was primed
with an oligo(dT)15-adapter primer, which anneals ran-
omly along the length of the poly(A) tract. PCR with a
wnt-11 59 end primer (or control primers) and a 39 adapter
equence results in products whose size distribution re-
ects the range of poly(A) tail lengths. The PAT method
FIG. 1. Xwnt-11 maternal RNA is differentially polyadenylated
along the dorsal–ventral axis. (A) Total RNA was isolated from
dorsal and ventral sections of 64-cell embryos and subjected to
quantitative RT-PCR. Reverse transcription with sequence-
specific primers for Xwnt-11 or control D7.1, followed by PCR,
detects all target RNAs regardless of poly(A) tail length, and it
indicated that equal quantities of Xwnt-11 RNA were present in
dorsal and ventral cells. (B) Reverse transcription with oligo(dT)15,
ollowed by PCR, detects only polyadenylated RNAs. This differ-
ntial polyadenylation analysis indicated that more Xwnt-11 RNA
s polyadenylated in dorsal cells than in ventral cells. In contrast,
7.1 RNA and other control RNAs (Schroeder and Yost, 1996) were
qually adenylated in dorsal and ventral cells. D7.1 RNA is
denylated at oocyte maturation and remains adenylated until
BT (Smith et al., 1988). (C) Calibration of quantitative RT-PCR.
erial twofold dilutions of total RNA isolated from 64-cell embryos
ere reverse transcribed with either oligo(dT)15 (top) or random
hexamers (bottom) and subjected to 20 (D7.1) or 24 (Xwnt-11)
cycles of PCR. Densitometric analysis demonstrated that the
conditions used in these experiments were quantitative and accu-
rately represented RNA concentrations (Schroeder and Yost, 1996).onfirmed the asymmetric polyadenylation of Xwnt-11
Copyright © 1999 by Academic Press. All rightNA along the dorsal–ventral axis. Densitometric scans of
AT analysis indicated that the poly(A) tail length of
wnt-11 RNA can extend to approximately 270 bases
n dorsal cells, significantly longer than in ventral cells
Fig. 2A).
The third approach used to assess polyadenylation was
ligo(dT) fractionation and subsequent Northern blot anal-
sis (Fig. 2B). There are at least two length isoforms of
wnt-11 RNAs in oocytes and early embryos, due to
ifferences in the 59end of the messages but identity in the
9 half of the message, and the ratios of the different RNA
soforms vary among individual batches of embryos (data
ot shown). This confounds attempts to distinguish the
xtent of Xwnt-11 polyadenylation by size separation on
orthern blots, either with or without pretreatment with
equence-specific oligonucleotides and RNase H (data not
hown). However, Northern analysis of oligo(dT) fraction-
ted RNAs indicated that a significantly greater proportion
f Xwnt-11 RNA was present in poly(A)2 RNA fractions
compared to other maternal RNAs (Fig. 2B). In summary,
three distinct quantitative and qualitative assays indicate
that equally distributed maternal Xwnt-11 RNA is differen-
tially polyadenylated along the dorsal–ventral axis.
Xwnt-11 Cytoplasmic Polyadenylation Elements
Polyadenylation of many maternal RNAs has been shown
to be regulated by sequences found in the 39 UTR (Wickens
FIG. 2. Poly(A) tail analysis and Northern blot analysis confirm
differential cytoplasmic polyadenylation of Xwnt-11 RNA. (A) PAT
analysis. Total RNA from dorsal and ventral blastomeres was reverse
transcribed with an oligo(dT)-adapter primer followed by PCR with
the adapter primer and an Xwnt-11 primer to estimate poly(A) tail
length (Salles et al., 1994). Positions are indicated for predicted sizes of
nonadenylated PCR product (0 bp) and adenylated products (through
270 bp). The extent of Xwnt-11 polyadenylation was greater in dorsal
cells than in ventral cells, as confirmed by densitometric scans (not
shown). Film is overexposed to allow visualization of ventral sample.
(B) Northern analysis. RNA from whole embryos was fractionated by
oligo(dT) chromatography, separated on agarose gels, and probed for
Xwnt-11, EF1-a, D7.1, and ribosomal RNA (Xlr14). Of the nonriboso-
mal RNAs, only Xwnt-11 RNA showed significant representation in
poly(A)-negative fractions.
s of reproduction in any form reserved.
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291Spatial Posttranscriptional Regulation of Wnt-11et al., 1997). Cytoplasmic polyadenylation elements (CPE)
have been shown to be U-rich regions in close proximity to
the canonical AAUAAA nuclear polyadenylation signal
(NP) (McGrew and Richter, 1990). The previously reported
Xwnt-11 nucleotide sequence (Ku and Melton, 1993) was
not full length. To obtain full-length sequence, 39 RACE
was performed and eight cDNA clones were sequenced.
These cDNAs were found to be identical (data not shown)
and contained both an NP signal and a potential CPE site
(Fig. 3A). To assess whether Xwnt-11 39 UTR sequences
FIG. 3. Identification of the Xwnt-11 cytoplasmic polyadenyla-
tion elements. (A) Diagram of synthetic RNAs used to map the cis
lements necessary for Xwnt-11 cytoplasmic polyadenylation.
wnt-11 39 UTR (1420–2216) contains the entire 39 UTR of
Xwnt-11 except the 39-terminal 2 bases. Xwnt-11 D1 (1420–2140)
contains all of the 39 UTR except the putative CPE and NP
equences. Xwnt-11 D2 (2140–2216) contains the terminal 77 bases
except for the final 2 bases) of the Xwnt-11 39 UTR, including
putative CPE and NP sequences. Fertilized eggs were tilted in Ficoll
and 5 ng of radiolabeled RNAs was injected during the first cell
cycle on the future dorsal side. RNAs were extracted at the
indicated time points (h) and analyzed by electrophoresis for size
distribution. (B) RNAs containing the full-length Wnt-11 39 UTR
re polyadenylated within 0.3 h after injection. (C) Wnt-11 39 UTR
rom which the 39-most 76 bases had been deleted are not highly
olyadenylated. (D) RNA containing the 39-most 76 bases but no
dditional 59 sequences of the 39 UTR is rapidly polyadenylated.
his polyadenylation occurs within 15 min of RNA injection (data
ot shown). The gel positions of the initially injected RNA (0) and
NAs with an additional 270 nucleotides (270) are indicated.could mediate cytoplasmic polyadenylation, deletion con-
Copyright © 1999 by Academic Press. All rightstructs were generated from full-length Xwnt-11 cDNA
clones and were used to synthesize radiolabeled RNA for
embryo injections (Fig. 3A). Radiolabeled RNAs were in-
jected in the dorsal side of one-cell embryos, extracted from
embryos in a developmental time course, and analyzed on
denaturing gels for size increases that are indicative of de
novo adenylation. It should be noted that injections into the
ventral side during the first cell cycle were not readily
feasible, because tilting embryos during this developmental
period respecifies the dorsal–ventral axis (Gerhart et al.,
1989). However, radiolabeled RNAs injected during the first
cell cycle remain near the local site of injection, in dorsal
cells through the 64-cell stage (data not shown), indicating
that RNA injections and subsequent RNA size analysis
provide a reliable assessment of polyadenylation activity in
dorsal cells.
RNA containing either a full-length 39 UTR (Fig. 3B) or
erely the 39-most 76 bases of Xwnt-11 39 sequence
Xwnt-11 D2, Fig. 3D) increased in size up to approximately
70 bases within the first hour after injection. Xwnt-11 39
TR from which the 39-most 76 bases were deleted
Xwnt-11 D1, Fig. 3C) did not increase markedly in size and
ppeared to be less stable. These results indicate that the
9-most 76 bases of the Xwnt-11 39 UTR are necessary and
ufficient for de novo cytoplasmic polyadenylation on the
orsal side of the embryo shortly after fertilization.
Within the 39-most 76 bases of the Xwnt-11 39 UTR there
re elements that have homology with CPE elements (bases
156–2176) and NP elements (bases 2196–2201). The
ength of polyadenylation of synthetic Xwnt-11 RNAs con-
aining these elements when injected into the dorsal side
Figs. 3B and 3D) correlates well with the length of the
oly(A) tail on endogenous Xwnt-11 RNA in the dorsal side
Fig. 2A). As discussed below, the rapid acquisition of
ytoplasmic poly(A) tails correlates well with the timing of
ytoplasmic polyadenylation of endogenous Xwnt-11 RNA,
hich peaks shortly after fertilization (Fig. 5). Results from
hese RNA injection experiments suggest that the CPE and
P elements in the 39-most 76 bases of the Xwnt-11 39 UTR
ot only mediate the addition of the poly(A) tail, but also
egulate the length of the poly(A) tail.
Xwnt-11 Cytoplasmic Polyadenylation Is
Dependent on Dorsal–Ventral Cytoplasmic
Rotation in the First Cell Cycle
During the first cell cycle after fertilization in Xenopus,
the cytoplasm of the single cell rotates with respect to the
cortex of the cell. This rotation converts the symmetric egg
into an asymmetric embryo. Treatments which block the
formation of a transient array of microtubules in the vegetal
hemisphere, including mild UV irradiation of the vegetal
hemisphere, prevent cytoplasmic rotation. This blocks the
initiation of the dorsal–ventral axis; the resultant embryos
are radially symmetric and “ventralized.” Tilting UV-
irradiated, ventralized embryos 90° from the normal
animal–vegetal axis during the first cell cycle results in a
gravity-driven cytoplasmic rotation in the absence of mi-
s of reproduction in any form reserved.
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292 Schroeder et al.crotubules that rescues dorsal–ventral axis formation (Ger-
hart et al., 1989). The molecular mechanisms by which the
cytoplasmic rotation initiates dorsal–ventral axis formation
are unknown, but result in the activation of the b-catenin
signaling pathway in nuclei on the dorsal side of the
blastula (reviewed in Gumbiner, 1998; Moon and Kimel-
man, 1998).
To address the relationship between the microtubule-
dependent cytoplasmic rotation that initiates the dorsal–
ventral axis and Xwnt-11 regulation, the polyadenylation
state of Xwnt-11 maternal RNA was compared in RNA
samples from normal embryos (“control”), from UV-
irradiated ventralized embryos (“ventralized”), and from
UV-irradiated embryos in which the cytoplasmic rotation
and dorsal–ventral axis formation were rescued by gravity
(“rescued”). Random-primed RT-PCR analysis was used
to measure the total amount of Xwnt-11 RNA, regardless
of polyadenylation state, in order to control for RNA
recovery from embryos treated with UV irradiation (Fig.
4A). Not surprisingly, UV irradiation eliminated approxi-
mately half the total amount of Xwnt-11 RNA found in
both ventralized and rescued embryos compared to con-
trol embryos (Fig. 4A), as might be expected for a veg-
etally localized RNA (Holowacz and Elinson, 1993).
However, correlated with the loss of the dorsal–ventral
axis, significantly less Xwnt-11 RNA was polyadenylated
in ventralized embryos than in control embryos (Fig. 4B).
Significantly, tilting UV-irradiated embryos rescues
dorsal–ventral axis formation and correspondingly res-
cues Xwnt-11 polyadenylation (Fig. 4B). Quantification in
three separate experiments indicates that there is 3.4-fold
more polyadenylated Xwnt-11 in control embryos and
1.7-fold more polyadenylated Xwnt-11 in rescued em-
bryos than in ventralized embryos. Factoring in the
initial loss of RNA due to UV irradiation, the rescued
embryos have levels of Xwnt-11 RNA adenylation that
are comparable to levels in control embryos. These
results demonstrate that the spatially regulated polyade-
nylation of Xwnt-11 is dependent on the cytoplasmic
rotation in the first cell cycle that establishes the verte-
brate dorsal–ventral axis.
Xwnt-11 Cytoplasmic Polyadenylation Peaks
Immediately after Fertilization
In the absence of sufficient new transcription before
the midblastula transition, there are two molecular
mechanisms by which asymmetric Xwnt-11 RNA poly-
adenylation could occur: adenylation in dorsal cells or
deadenylation in ventral cells. In order to begin distin-
guishing between these possibilities, the polyadenylation
state of Xwnt-11 in control and UV-irradiated embryos
was assessed over a time course in early development. In
control embryos, a burst of Xwnt-11 polyadenylation
occurs immediately following fertilization, reaching a
peak by the two-cell stage (Fig. 5, squares). In contrast,
Xwnt-11 RNA in ventralized embryos remains at a lower,
constant level of adenylation throughout early develop- t
Copyright © 1999 by Academic Press. All rightent (Fig. 5, diamonds) and does not begin to increase
ntil after the midblastula transition, perhaps reflecting
olyadenylation of new transcripts. It should be noted
hat these results cannot distinguish between a permis-
ive signal for adenylation on the dorsal side of the
mbryo or repression of adenylation in ventral cells.
owever, the rapid adenylation of RNAs injected in the
orsal side, the rapid increase of polyadenylated Xwnt-11
t the two-cell stage, and the greater accumulation of
ndogenous polyadenylated Xwnt-11 on the dorsal side
ogether support a model in which Xwnt-11 RNA cyto-
lasmic polyadenylation is spatially regulated as an im-
ediate response to the cortical rotation that initiates
FIG. 4. Xwnt-11 cytoplasmic polyadenylation is dependent on
cytoplasmic rotation in the first cell cycle. (A) Total RNAs from
64-cell embryos were reverse transcribed with random hexamers
and subjected to PCR with D7.1 and Xwnt-11 primers, to detect
total amounts of each RNA regardless of polyadenylation states.
Approximately one-half of Xwnt-11 RNA is absent in UV-
irradiated ventralized embryos (lane V) and UV-irradiated, gravity-
rescued embryos (lane R) compared to control embryos (lane C).
Numbers under each lane indicate the ratio of Xwnt-11 signal to
D7.1 signal, normalized to the ratio of the control sample. (B) Total
RNAs from 64-cell embryos were reverse transcribed with
oligo(dT)15 and subjected to PCR with D7.1 and Xwnt-11 primers,
to detect the level of polyadenylated RNA. Polyadenylation of the
Xwnt-11 RNA that remains after UV treatment is increased in
rescued embryos (lane R) compared to UV-ventralized embryos
(lane V) and is comparable to the level in control embryos (lane C)
after correction of loss due to UV irradiation. Thus, the rescue of
Xwnt-11 polyadenylation is correlated with the rescue of dorsal–
ventral axis formation.he dorsal–ventral axis.
s of reproduction in any form reserved.
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293Spatial Posttranscriptional Regulation of Wnt-11Spatial Regulation of Xwnt-11 RNA Loading
onto Polysomes along the Dorsal–Ventral Axis
Adenylation of specific RNAs is correlated with recruit-
ment of these RNAs onto polysomes during the temporal
course of development in Xenopus oogenesis and early
embryogenesis (Wickens et al., 1997). Spatially regulated
polyadenylation of Xwnt-11 maternal mRNA would be
developmentally significant only if it corresponds with
spatially regulated translation and asymmetric protein ac-
cumulation. To determine if Xwnt-11 RNA is differentially
translated along the dorsal–ventral axis, polysomal and
nonpolysomal RNA fractions from dorsal and ventral cells
of 32- to 64-cell Xenopus embryos were analyzed (Fig. 6).
This technique offers the most proximate and direct evi-
dence of the translational activity of any given mRNA in an
embryo (Schroeder and Yost, 1996). Oligo(dT)-driven RT-
PCR analysis of polysomal and nonpolysomal RNAs indi-
cated that 3.5-fold more Xwnt-11 maternal RNA was asso-
ciated with polysomes in dorsal cells than with polysomes
in ventral cells (Fig. 6A). In an important control that
demonstrates the specificity of this assay, Xwnt-11 RNA
was found in the supernatant fractions of parallel cell
lysates that were treated with EDTA to dissociate poly-
somes (Fig. 6B). This control indicates that the association
of Xwnt-11 RNA with the polysomal fractions in
cycloheximide-treated lysates (Fig. 6A) was the result of the
loading of Xwnt-11 RNA on polysomes, not association
with large EDTA-insensitive complexes as has been seen
for other maternal RNAs such as Xcat-2 (Schroeder and
Yost, 1996). Similar results were obtained with RT-PCR
analysis of polysomal RNAs primed with random hexamers
(Fig. 6C) or with sequence-specific primers (data not shown)
FIG. 5. Xwnt-11 cytoplasmic polyadenylation peaks immediately
after fertilization. Eggs were fertilized and divided into control and
UV-treated batches. Immediately following UV irradiation in the
first cell cycle, and at hour intervals thereafter, RNA was purified
and subjected to oligo(dT)-primed RT-PCR using D7.1 and Xwnt-11
primers. The ratio of the amount of polyadenylated Xwnt-11 RNA
relative to the amount of D7.1 RNA in fertilized eggs was set at 1.0
and is indicated for each subsequent time point in control (square)
and UV-treated (diamond) embryos.
Copyright © 1999 by Academic Press. All rightto detect the polysomal association of Xwnt-11 RNA re-
gardless of its polyadenylation state. Quantification of
FIG. 6. Translation of maternal Xwnt-11 RNA is spatially regu-
lated along the dorsal–ventral axis in 64-cell embryos. (A) Poly-
somes were purified from cell lysates in the presence of cyclohex-
imide, which blocks the translocation reaction on ribosomes and
secures polysomes on translated mRNAs. RNAs were isolated from
dorsal (lane 1) and ventral (lane 2) polysomal pellets and dorsal (lane
3) and ventral (lane 4) nonpolysomal supernatants, reverse tran-
scribed with oligo(dT)15, and subjected to quantitative RT-PCR.
7.1 RNA is uniformly distributed and equally translated in dorsal
nd ventral cells. Densitometric analysis of four separate prepara-
ions indicated that an average of 3.5-fold more Xwnt-11 maternal
NAs were associated with polysomes in dorsal cells than in
entral cells in 64-cell embryos. (B) As a control for nonspecific
elleting, EDTA was substituted for cycloheximide in parallel
reparations, to dissociate translated RNAs from polysomes. Lane
, dorsal pellet; lane 2, ventral pellet; lane 3, dorsal supernatant;
ane 4, ventral supernatant. Translated RNAs were in pellets from
ycloheximide-treated lysates (A) as a result of their incorporation
n polysomes and in supernatants from EDTA-treated lysates (B) as
result of EDTA disruption of polysomes and release of messages
Schroeder and Yost, 1996). (C) RNAs isolated from polysomal
ractions from dorsal and ventral cells were reverse transcribed
ith random hexamers and subjected to PCR as in Fig. 4A. Random
examers did not work well in RT-PCR analysis of supernatants.
owever, the important comparison with random hexamer analy-
is is between dorsal and ventral pellets. Densitometric analysis
ndicated that 3.5-fold more Xwnt-11 maternal RNAs were associ-
ted with polysomes in dorsal cells than in ventral cells.results from four separate experiments indicated that 3.5-
s of reproduction in any form reserved.
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dorsal cells than in ventral cells. Dorsal–ventral differences
were not found for the control D7.1 RNA (Fig. 6) or for six
other maternal RNAs (Schroeder and Yost, 1996). Thus, the
dorsal–ventral asymmetry in polysome association appears
to be unique to Xwnt-11 maternal RNA.
Differential Accumulation of Xwnt-11 Protein
along the Dorsal–Ventral Axis
Spatially regulated polysomal loading of Xwnt-11 mater-
nal mRNA would be developmentally significant only if it
leads to asymmetric accumulation of Xwnt-11 protein. To
assess the Xwnt-11 protein accumulation, dorsal and ven-
tral sectors were dissected from 64-cell embryos and pro-
teins were analyzed by polyacrylamide gel electrophoresis.
Western blot analysis used antibodies against an epitope in
quail Wnt-11 that is highly conserved (Eisenberg et al.,
1997). Controls for protein recovery and loading included
staining for total protein (data not shown) and Western blot
analysis with an antibody against Vg1. Vg1 served as a
strong control because Vg1 RNA is localized in the same
vegetal region of the oocyte as Xwnt-11, Vg1 RNA and
protein are equally distributed along the dorsal–ventral axis
(Dale et al., 1989; Ku and Melton, 1993; Rebagliati et al.,
1985; Thomsen and Melton, 1993), and the polyadenylation
state and polysome fraction association of Vg1 RNA are
equivalent in dorsal and ventral cells (Schroeder and Yost,
1996).
Western blot analysis indicated that spatially regulated
Xwnt-11 RNA translation along the dorsal–ventral axis
results in more Xwnt-11 protein accumulation in dorsal
cells. In the 32- to 64-cell embryo, 3.1-fold more Xwnt-11
protein accumulates in dorsal cells than ventral cells (Fig.
7). While this might appear to be a small difference, it is
nearly twice that reported for b-catenin by Western blots
Larabell et al., 1997). However, the small difference in
b-catenin amounts along the dorsal–ventral axis and the
intracellular relocalization of b-catenin has dramatic effects
n development (reviewed in Gumbiner, 1998; Moon and
FIG. 7. Wnt-11 protein accumulates asymmetrically along the
dorsal–ventral axis in 64-cell embryos. Western blot with a Wnt-11
antibody (Eisenberg et al., 1997) indicates that 3.1-fold (1.4 SEM,
, 0.05) more Xwnt-11 protein accumulates in dorsal cells than in
ventral cells. Loading was assessed by Vg1 antibody (Tannahill and
Melton, 1989) and by total protein staining.imelman, 1998). Xwnt-11 RNA is the only known mater-
Copyright © 1999 by Academic Press. All rightal RNA that is spatially regulated along the embryonic
orsal–ventral axis, and Xwnt-11 is the first cell–cell sig-
aling protein known to be asymmetrically expressed along
he dorsal–ventral axis in vertebrates.
DISCUSSION
The present results demonstrate that maternally encoded
Xwnt-11 protein is asymmetrically distributed along the
dorsal–ventral axis in 64-cell embryos, before the beginning
of zygotic transcription. This is the first description of an
asymmetric distribution of a maternally encoded Wnt pro-
tein. More importantly, our results implicate a molecular
pathway that couples asymmetric distribution of Xwnt-11
protein with the cytoplasmic rotation in the first cell cycle.
Differential polyadenylation of maternal Xwnt-11 RNA is
dependent on the cytoplasmic rotation in the first cell
cycle, and differential translation of Xwnt-11 RNA results
in differential accumulation of Xwnt-11 protein along the
dorsal–ventral axis.
Developmental Roles for Asymmetric Maternal
Xwnt-11 Protein
Wnt molecules are functionally divided into the Wnt-1
class and the Wnt-5A class, with Xwnt-11 in the latter
(Moon and Kimelman, 1998). The developmental functions
of asymmetrically expressed Xwnt-11 protein, or any other
maternally encoded Wnt of either class, are unknown.
Successful depletion of any maternal Wnt RNA and dem-
onstration of corresponding depletion of Wnt protein have
not been reported. However, given the mechanism that
couples the first cell cycle cytoplasmic rotation with asym-
metric expression of Xwnt-11, it would be somewhat sur-
prising if differential accumulation of Xwnt-11 protein had
no role in development.
Five lines of evidence argue that Xwnt-11 may have a role
in dorsoanterior development, most likely cooperating in
the establishment of the Spemann organizer or in the
process of gastrulation on the dorsal side, facilitating
anterior–posterior development. First, as shown here, ma-
ternally encoded Xwnt-11 protein is asymmetrically ex-
pressed, with strongest expression in dorsovegetal cells at
the blastula stages, in response to the cortical rotation in
the first cell cycle. This places Xwnt-11 protein in the
appropriate region of the embryo to have a role in early
dorsoanterior development. Second, an observation that
initially suggested Wnts do not play an endogenous role on
the dorsal side has been modified recently. Frzb-1 is zygoti-
cally expressed on the dorsal side and blocks the effects of
ectopic expression of Xwnt-8 (Leyns et al., 1997; Wang et
al., 1997a), a member of the Wnt-1 class which is zygoti-
cally expressed on the ventral side (Christian and Moon,
1993). This led to the suggestion that Wnt protein function
is constrained to the ventral side by zygotically expressed
Frzb-1 on the dorsal side. However, Frzb-1 was recently
shown to discriminate between Wnt-1 class and Wnt-5A
s of reproduction in any form reserved.
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295Spatial Posttranscriptional Regulation of Wnt-11class molecules: it inhibits Wnt-1 class molecules but not
the Wnt-5A class, including Xwnt-11 (Wang et al., 1997b).
Thus, the Frzb-1 results argue against a role for Wnt-1 class
molecules in dorsal development, but leave open the pos-
sibility that Xwnt-11 protein functions on the dorsal side,
where we have shown it is translated and accumulated
earlier in development. Third, while injection of Xwnt-11
RNA alone on the ventral side only weakly induces second-
ary axes (Du et al., 1995; Ku and Melton, 1993) (data not
shown), co-injection of Xwnt-11 RNA and nodal-related 3
(Xnr3) RNA robustly induces secondary embryonic axes
and dorsalizes ventral mesoderm (Glinka et al., 1996).
nder normal conditions, injected RNAs produce proteins
ong before the midblastula transition. Xnr3 is a zygotically
ranscribed member of the TGFb family of cell–cell signal-
ing molecules that is expressed in organizer epithelium.
The functional cooperation of these two molecules mimics
the strong axis-forming ability of Spemann organizer epi-
thelium and interferes with ventralizing BMP signals
(Glinka et al., 1996). This gives functional evidence for a
dorsalizing role of Xwnt-11. Fourth, Wnt-8, a member of the
Wnt-1 class, is zygotically expressed in ventral cells and
when zygotically overexpressed in dorsal cells causes ven-
tralization (Christian and Moon, 1993; Danos and Yost,
1995). Xwnt-11 antagonizes Xwnt-1 class molecules, in-
cluding Wnt-8 (Torres et al., 1996). These results suggest
that dorsal expression of maternal Wnt-11 described here
might cooperate in dorsal development by antagonizing
ventralization signals, including Wnt-1 class molecules.
Finally, decreasing the early, maternal function of endoge-
nous Xwnt-11 results in dramatic defects in dorsal develop-
ment (H. J. Yost, data not shown), while decreasing the
zygotic (post-MBT) function of Xwnt-11 has less effect,
indicating that the endogenous maternal Xwnt-11 shown
here to be expressed asymmetrically along the dorsal–
ventral axis plays an essential role in embryonic axis
formation.
It is not clear whether the primary event in dorsal–ventral
axis formation is signaling by a Wnt protein or activation of
the downstream pathway; several strong lines of evidence
indicate that b-catenin activation/localization is a key
event in early dorsal–ventral development (reviewed in
Gumbiner, 1998; Moon and Kimelman, 1998). Although in
many cases Wnt signaling is upstream of b-catenin activa-
tion, the possibility that maternal Wnts contribute to
dorsal–ventral axis formation awaited the substantiation of
two premises: that dorsal cells express maternally encoded
Wnt proteins during early development and that maternal
Wnt expression is asymmetric along the dorsal–ventral
axis. The present results substantiate both premises and are
the first to demonstrate a dorsal–ventral asymmetry in a
maternal Wnt. It will be interesting to assess whether the
cytoplasmic rotation-dependent pathway that leads to
asymmetric expression of Xwnt-11, as described here, is
upstream, downstream, or parallel to the early pathway that
leads to asymmetric activation/localization of b-catenin
reviewed in Gumbiner, 1998; Moon and Kimelman, 1998). w
Copyright © 1999 by Academic Press. All rightConservation of Mechanisms for Generating
Asymmetry
There are several examples in vertebrate development in
which selective cytoplasmic polyadenylation and transla-
tion of messages are temporally controlled. In Xenopus
development, classes of maternal RNAs are polyadenylated
or de-adenylated in specific periods in development, such as
during oocyte maturation or in response to fertilization (for
review, Wickens et al., 1996, 1997). The cytoplasmic addi-
tion of poly(A) tails to Xwnt-11 described here occurs
shortly after fertilization and may share features with other
maternal RNAs that are polyadenylated during this period.
However, the spatial regulation of polyadenylation along
the dorsal–ventral axis is, so far, unique to Xwnt-11 mater-
nal RNA. This might involve a mechanism by which a
specialized spatial regulation of polyadenylation of
Xwnt-11 RNA, in response to cytoplasmic rotation, is
overlaid onto the more general machinery that confers
temporal regulation of poly(A)-tail addition.
Spatially regulated translation of uniformly distributed
maternal RNA is known to occur during embryo axis
formation in at least two invertebrate species, but has not
been described in vertebrates. In Drosophila, anterioposte-
ior axis formation occurs in the absence of cell boundaries
nd is dependent on the spatially regulated translation of
unchback and caudal maternal RNAs (Dubnau and Struhl,
996; Rivera-Pomar et al., 1996). Three maternal mRNAs
hat regulate patterning in Drosophila embryos show a
concomitant increase in polyadenylation and translation
(Salles et al., 1994). In Caenorhabditis elegans, glp-1, a
ransmembrane protein, is restricted to the anterior cells of
our-cell embryos although the RNA is found in all cells
Evans et al., 1994). As shown here, spatial regulation of
aternal mRNA translation also occurs in a vertebrate
mbryo, suggesting that it is a pivotal and evolutionarily
onserved mechanism for establishing intracellular asym-
etries that consequently lead to asymmetries in the
ulticellular body plan.
These results demonstrate that maternally encoded
nt11 protein is asymmetrically distributed during the
nitiation of the primary vertebrate body axis. The molecu-
ar mechanism leading to asymmetric Wnt localization is
he differential polyadenylation and translation of homoge-
eously distributed maternal RNA, a mechanism that has
ot been previously described in vertebrate embryos. Wnt
enes and the downstream Wnt signaling pathways are
idely studied due to their roles in development and in
ancer, yet little is known about how Wnt expression is
egulated. The molecular characterization of Wnt-11 trans-
ational regulation identifies a novel mechanism by which
he expression of this important gene family is controlled. It
ill be of interest to explore the pathway that links the
icrotubule-dependent rotation of cytoplasm in the first
ell cycle to the spatial regulation of Wnt-11 expression and
hether this pathway is evolutionarily conserved.
s of reproduction in any form reserved.
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